I diopathic pulmonary fibrosis (IPF)
3 is a chronic lung disease of unknown cause that is limited to the lungs and is associated with a histological pattern of usual interstitial pneumonia on lung biopsy. Basal and peripheral reticular opacities associated with traction bronchiectasis and honeycombing are typical high-resolution computed tomography signs of IPF, and these findings, combined with the clinical profile, are sufficient to establish a confident diagnosis of IPF (1) . The natural history is invariably one of gradual and progressive deterioration resulting in scarring, pulmonary failure, and death, with the median length of survival from the time of diagnosis ranging from 2.5 to 3.5 years. The pathogenesis of the disease is unknown, but it may involve an immunological reaction to unidentified Ags in the lung related to tissue damage. Although chronic in nature, it has been reported that an important complication is an accelerated phase of the disease, leading to death in a period of weeks to a few months, and that open-lung biopsy performed after exacerbation confirms an acute diffuse alveolar damage pattern together with chronic interstitial pneumonia of the usual interstitial pneumonia type (2) . It remains uncertain what causes such accelerated clinical deterioration (3) .
Immunohistochemical data demonstrate the presence of circulating IgG Abs to endogenous autoantigens on pulmonary epithelial cells in IPF patients (4, 5) . Although antinuclear Abs, anti-DNA topoisomerase II Abs, and Abs to cytokeratin 8 (6) have been demonstrated in IPF patients, there are no reports of Abs related to the acute exacerbation of IPF. Serological identification of Ags by recombinant expression cloning (SEREX) is a well-established and powerful technique that has been applied to Ag-specific IgG responses in a variety of tumor systems and some autoimmune diseases (7, 8) . The suitability of the SEREX approach to define autoantigens associated with autoimmune diseases such as systemic lupus erythematosis (SLE) and systemic sclerosis has been shown. These studies indicate that a thorough evaluation of autoantigen reactivity patterns of sera from patients suffering from various autoimmune diseases is critical for estimating the diagnostic value and potential pathogenic role of these Ags (9 -11) . Apoptotic alveolar epithelial cells are detected primarily in areas of IPF that appear histologically normal without established fibrosis (12) and are adjacent to underlying foci of myofibroblasts (13) . Recent studies have implicated apoptosis of alveolar epithelial cells as a potential initiating mechanism in the development of pulmonary injury and fibrosis. Data obtained using animal models have provided some insights into whether excessive apoptosis of alveolar epithelial cells may be the primary event leading to lung fibrosis. It has been demonstrated that repeated inhalations of agonistic anti-Fas Abs induce apoptosis of alveolar epithelial cells, leading to pulmonary fibrosis in mice (14) . The targeted transgenic overexpression of bioactive TGF-␤1 in the murine lung produces a transient wave of epithelial apoptosis followed by mononuclear rich inflammation, tissue fibrosis, myofibroblast hyperplasia, and honeycombing (15) . The induction of lung fibrosis by intratracheal instillation of bleomycin was reported to be associated with the up-regulation of Fas on the epithelium and with the concomitant induction of epithelial apoptosis as a prelude to fibrogenesis (16) . Consistent with the hypothesis that epithelial pathology, particularly pulmonary epithelium apoptosis, is the key to IPF pathogenesis, and that it might have some role in the acute exacerbation of IPF, we conducted SEREX analysis using a cDNA phage library of type II alveolar cell carcinoma (A549) cell lines to identify specific Abs present in sera from acute exacerbation of IPF patients compared with stable IPF cases.
Examination of affected pulmonary tissues from IPF patients reveals inflammatory infiltrates composed principally of T lymphocytes and macrophages, with variable numbers of neutrophils, eosinophils, and mast cells and B lymphocyte aggregates. The oligoclonality of TCR gene usage has been demonstrated in a variety of diseases, including IPF (17) , sarcoidosis (18) , rheumatoid arthritis (RA) (19) , and a variety of other immune-mediated diseases. Our experiments also include an analysis of the TCR V␤ repertoire of CD4-positive T cells in bronchoalveolar lavage (BAL) fluid derived from acute exacerbation of IPF patients. Some identical TCR V␤ genes were identified first in BAL or video-associated thoracic surgery (VATS) material and sequential second BAL materials obtained during 1-3 mo in all 10 cases of acute exacerbation of IPF (cases 1-10) analyzed, suggesting that some infiltrating CD4-positive T cells share limited epitopes on some Ags and continue to expand oligoclonally by Ag-driven stimulation in the alveolar spaces during disease extension. The overlap of immunodominant T and B cell epitopes has been reported in diazepambinding inhibitor-related protein 1 for aplastic anemia (20) , pyruvate dehydrogenase complex for primary biliary cirrhosis (21) , and myelin basic protein for multiple sclerosis (22) , suggesting that overlap of T and B cell reaction is a common theme for autoimmune reaction in several diseases. To examine our hypothesis that Abs detected in our SEREX analysis might recognize Ags that elicit T cell response in patients with acute exacerbation of IPF, we used the MHC class II epitope prediction program (TEPITOPE) analysis to investigate promiscuous HLA-DR ligands of autoantigens related to acute exacerbation of IPF as defined by the SEREX approach. Our study demonstrates that annexin 1 is an autoantigen that raises both Ab production and T cell response in patients with acute exacerbation of IPF, and that the N-terminal portion of annexin 1 plays some important role in the pathogenesis of the acute exacerbation of IPF patients.
Materials and Methods

Patients
The diagnosis of IPF was based on standard criteria that included clinical findings, pulmonary function tests, and chest radiographic and high-resolution computed tomography findings (23) . An acute exacerbation in patients with IPF was defined as follows: for the accelerated phase of IPF, exacerbation of dyspnea within 1 mo, new diffuse pulmonary opacities on chest radiography, a decrease in PaO 2 of 10 mmHg, and an absence of infection or heart failure. We defined stable IPF as IPF without acute exacerbation (24) . BAL fluids and sera were collected from 45 patients with IPF (15 acute exacerbation patients, 30 stable patients), 90 patients with interstitial pneumonia related to collagen vascular disease (IP-CVD) (20 polymyositis/dermatomyositis (PM/DM) patients, 20 Sjögren syndrome patients, 20 scleroderma (Ssc) patients, 20 RA patients, 10 SLE patients), 30 patients with pulmonary sarcoidosis, 10 patients with chronic eosinophilic pneumonia, 10 patients with hypersensitivity pneumonitis (HP), and 40 normal volunteers; all samples were stored at Ϫ80 o C until use. Autopsies were conducted on five patients with acute exacerbation of IPF (cases [1] [2] [3] [4] [5] . At the time of autopsy, BAL fluids were also collected. In another five patients (cases 6 -10), a second BAL analysis was performed 1-2 mo after VATS or the first BAL procedure (Table I) . This study was approved by the Ethical Committee of Chiba University.
Construction of a cDNA library and immunoscreening
mRNA was extracted by a Quick Prep mRNA purification kit (Amersham Biosciences) from A549 cells as recommended by the manufacturer. A total of 5 mg mRNA was used for the construction of the ZAP expression library (ZAP-cDNA synthesis kit, ZAP-cDNA Gigapack III Gold cloning kit; Stratagene). The titer of each of these cDNA expression libraries was on average 2.0 ϫ 10 6 PFU/ml. Immunological screening was performed essentially as described (25) . In the screening steps, we isolated plaques that reacted strongly with sera from IPF patients but remained undetectable in sera from normal volunteers. Positive phagemids were submitted to in vivo excision of the pBluescript plasmid (Stratagene), which was then sequenced.
Expression of recombinant autoantigens in Escherichia coli cells and Ab assay
All 12 autoantigens identified by our SEREX analysis were expressed in E. coli (M15 cells) using 6Xhistidine tag-containing vector pQE30 (Qiagen). Various cDNA amplification primers were designed to encompass almost the entire coding sequences of these genes, corresponding to the amino acid positions shown in Table II . The induction of recombinant protein synthesis and subsequent purification on Ni-NTA spin columns (Qiagen) were conducted as instructed by the manufacturer. Using Ni-NTA HisSorb plates (Qiagen) coated with these 6Xhistidine tag proteins, autoantibody activities in the BAL samples and sera were measured by ELISA as described previously (26) . A positive reaction was defined as one with an OD value that differed from that of sera from normal donors (n ϭ 40) by 3 SDs.
PCR amplification and sequencing of TCR V␤ genes of CD4-positive lymphocytes from BAL or VATS samples of IPF patients
BAL was conducted using a standard technique as previously described (27) . Briefly, four 50-ml boluses of 37°C prewarmed sterile 0.9% saline were instilled by inserting the bronchoscope into a segmental bronchus of the right middle lobe, lingula, or lower lobes and were gently aspirated via a hand-held syringe. Total cell count was determined by using a hemocytometer. A differential cell count was taken on Giemsa-stained cytocentrifuged preparations. Following cell count, part of the cell mass was subjected to flow cytometric analysis. Some cells (2 ϫ 10 5 ) were stained with MoAb against Leu4 (anti-CD3), Leu3a (anti-CD4), and Leu2a (anti-CD8) (BD Biosciences). CD4-positive lymphocytes were isolated from BAL fluid and peripheral blood lymphocytes using anti-CD4 mAb-coated Dynabeads (Dynal Biotech) according to the method described by the manufacture. Total RNA from CD4-positive cells isolated from BAL fluid were prepared with Isogen (Nippon Gene). PCR and cDNA synthesis and the oligonucleotide primers used for amplification of the TCR V␤ genes were described before (28) . PCR amplification of the TCR V␤ genes of the cDNA was performed in multiple tubes, with each tube containing one of the TCR V␤ subfamily primers and C␤ primer. For Southern blot analysis, the PCR products (20 l) were subjected to 2% agarose gel electrophoresis and then transferred to a nylon membrane. The membranes were hybridized with oligonucleotide C␤ probe labeled with a fluorescein-dUTP labeling kit (Amersham Biosciences) at the 3Јends, and visualized using a CDP-Star detection module followed by autoradiography with Hyperfilm-MP (both from Amersham Biosciences). All PCR products demonstrating amplification of the same TCR V␤ repertoires in both the first BAL fluid or VATS materials and sequential BAL samples were ligated to plasmids using the TA cloning kit (Invitrogen), transformed into competent E. coli cells, and grown under appropriate conditions. After selection of TCR V␤-positive colonies, plasmid DNA was purified. Inserts in the PCR vector were sequenced by the Dye Primer method using a Taq Dye Primer Cycle Sequencing Core kit (Applied Biosystems). All clones were sequenced from both directions using M13 forward and reverse primers. The TCR V␤ sequences were analyzed using the international ImMunoGeneTics (IMGT) database (http://imgt.cines.fr) (29) .
Molecular typing of HLA-DR molecules and the TEPITOPE analysis
Typing of HLA-DR alleles was performed using a Dynal RELI SSO HLA-DRB typing kit (Dynal Biotech). TEPITOPE software (http://www. tepitope.com) was used to predict potential HLA-DR-binding peptides within autoantigens identified by SEREX analysis with a prediction threshold of 3%. These HLA-DR-binding peptides were compared with the CDR3 regions of identical TCR V␤ genes of CD4-positive lymphocytes from first BAL or VATS and sequential BAL samples from acute exacerbated IPF patients.
Western blot analysis of annexin 1 in BAL samples from IPF patients and non-IPF BAL samples and CD4-positive T cell responses in BAL fluid to N-terminal annexin 1 peptides
BAL fluids were concentrated 10-fold by centrifugation using Amicon Centricon 10 filters (Millipore). BAL samples equivalent to 50 g protein were subjected to SDS-PAGE under denaturing conditions. In addition to BAL samples from 15 acute exacerbation of IPF cases, BAL materials from 30 stable IPF patients and non-IPF patients (90 patients with collagen vascular disease, 30 patients with pulmonary sarcoidosis, 10 patients with eosinophilic pneumonia, 10 patients with HP, and 40 normal volunteers) were analyzed. After electrophoresis, the proteins were electrotransferred to a nylon membrane and probed with polyclonal annexin 1 Ab (sc-11387, Santa Cruz Biotechnology) against amino acids (position 235-299) of human annexin 1, and visualized with HRP-conjugated anti-rabbit IgG Ab and a chemiluminescent substrate system (Amersham Biosciences).
We analyzed whether N-terminal peptides of annexin 1 elicit CD4-positive T cell responses in BAL samples from patients with acute exacerbation of IPF (cases 1, 3, 5, 6, 7, and 9). Three patients (cases 1, 3, and 5) b The recombinant protein of cytochrome c oxidase subunit 5a represents full-length products, whereas the other 11 recombinant autoantigens represent almost full-length products.
displayed high titers of anti-annexin 1 Abs, and the CDR3 regions of identical TCR V␤ genes (clones 1-1, 3-1, and 5-1) from the first BAL and second sequential biopsies from those cases showed high homology with the same portion (residues 18 -26) of annexin 1 included in the epitopes of the autoantigens predicted by TEPITOPE analysis. In contrast, the other patients (cases 6, 7, and 9) were negative for anti-annexin 1 Abs. CD4-positive T cells were separated from BAL cells using anti-CD4 mAbcoated Dynabeads (Dynal Biotech). For purification of alveolar macrophages, BAL cells were allowed to adhere to plastic plates for 3 h. Cells were recovered by gentle scraping with a rubber policeman. The alveolar macrophages thus obtained were 95% pure by morphology and nonspecific esterase staining. A total of 5 ϫ 10 4 CD4-positive T cells were cultured in 96-well U-bottom plates (Iwaki Glass) with the same number of alveolar macrophages for 6 days at 37°C with medium only, N-terminal annexin 1-positive peptide (20 g/ml, position 18 -26: QEYVQTVKS), or a negative peptide (20 g/ml, position 201-209: DARALYEAG) of annexin 1 predicted to display no binding to the HLA molecule. After triplicate cultures were maintained for 6 days, the BrdU assay procedure was conducted using a Frontier BrdU cell proliferation assay cell proliferation kit (Funakoshi) according to the protocol of the manufacturer. The reaction was quantified by measuring the OD at a wavelength of 450 nm.
In vitro assay of lymph node cells for annexin 1 Ab production
An in vitro assay to analyze annexin 1 peptide-induced anti-annexin 1 Ab synthesis of lymph node cells from patients with acute exacerbation of IPF (cases 1, 3, and 4) was conducted. Two patients (cases 1 and 3) displayed high titers of anti-annexin 1 Abs, and the other patient (case 4) was negative for anti-annexin 1 Ab. Hilar lymph nodes dissected at the time of autopsy were forced through sterile mesh screens, and the cells were repeatedly washed and resuspended in complete medium. B cells and CD4 ϩ and CD8
ϩ T cell subsets were negatively selected by the MACS magnetactivated cell separation system (Miltenyi Biotec) as instructed by the manufacturer. Either CD4 ϩ or CD8 ϩ subsets of T cells (10 5 /well) with the same number of purified B cells as well as B cells alone were cocultured in 24-well tissue culture plates with N-terminal annexin 1-positive peptide (20 g/ml, position 18 -26: QEYVQTVKS) or -negative peptide (20 g/ ml, position 201-209: DARALYEAG) of annexin 1 in the presence of pokeweed mitogen (1 g/ml) for 10 days. Anti-annexin 1 Ab levels in undiluted culture supernatants were measured by ELISA using Ni-NTA HisSorb plates coated with 6Xhistidine tag annexin 1 proteins as described above. The reaction was quantified by measuring the OD at a wavelength of 450 nm. All cultures were prepared in duplicate, and anti-annexin 1 Ab results represent the means of duplicate values.
Western blot analysis of full-length and elastase-cleaved annexin 1 probed with BAL and sera from IPF patients and non-IPF patients
The cDNA amplification primers were designed to encompass the entire coding sequence of annexin 1. The primer sequences for annexin 1 (sense, ATGGCAATGGTATCAGAA and anti-sense, GTTTCCTCCACAAA GAGC) were used for amplification of annexin 1 cDNA from A549 cDNA library by PCR (30 cycles). After nucleotide sequencing of PCR products was determined by the Dye Primer method using a Taq Dye Primer Cycle http://www.jimmunol.org/ Sequencing Core kit, full-length annexin 1 was expressed in E. coli (M15 cells) using TAGZyme (Qiagen). The induction of recombinant protein synthesis, subsequent purification on Ni-NTA spin colums (Qiagen), and the complete removal of N-terminal His tags were conducted as instructed by the manufacture. Purified recombinant annexin 1 was incubated with human leukocyte elastase (Sigma-Aldrich) at a final concntration of 0.3 U/ml in reaction buffer (30) . After electrophoresis of full-length annexin 1 and elastase-cleaved annexin 1 (each 25 g protein), the proteins were electrotransferred to a nylon membrane and probed with sera of IPF patients (15 acute exacerbation patients, 30 stable patients) and non-IPF patients (90 patients with interstitial pneumonia related to collagen vascular disease, 30 patients with pulmonary sarcoidosis, 10 patients with chronic eosinophilic pneumonia, 10 patients with HP, and 40 normal volunteers).
Statistical analysis
The Mann-Whitney U test was used to compare the levels of Abs, CD4-positive T cell responses in BAL fluid, and in vitro assay of lymph node cells. p values of Ͻ0.05 were considered significant in the analysis.
Results
BAL profile
The median recovery rate of BAL samples from 15 acute exacerbated IPF cases was 54.7% (range, 37.6 -67.2%). The cytological profile of BAL samples derived from cases of acute exacerbated IPF shows an increase in total cell numbers and marked neutrophilia (8 -48%) compared with healthy control subjects (Tables I  and III) . BAL fluids obtained from all 15 acute exacerbation cases were negative for cultures of bacteria and fungi, and they showed negative results for PCR analysis of Pneumocystis carinii and cytomegalovirus.
SEREX analysis of patients with IPF
To determine the efficiency of the SEREX technique, we randomly picked up 1000 phagemids submitted to in vivo excision of the pBluescript plasmid. PCR analysis using primers that annealed to the T3 and T7 promoter regions flanking the multiple cloning site in the ZAP Express vector showed a range of cDNA inserts sizes from 200 to 7000 bp, with an average of ϳ2500 bp of these 1000 plasmids. The efficiencies of our SEREX technique for the generation of small protein Ags Ͻ360 bp (120 amino acids) and Ags larger than 1500 bp (500 amino acids) were ϳ1% and ϳ72%, respectively. Approximately 2.0 ϫ 10 6 recombinant clones of a cDNA library derived from A549 cells were screened by 45 individual sera from patients suffering from acute exacerbation of IPF and stable IPF. Forty-nine positive clones representing 12 different known genes were detected. 
Survey of sera and BAL samples for Abs to the panel of recombinant autoantigens
The recombinant protein of cytochrome c oxidase subunit 5a represents full-length products, whereas the other 11 recombinant autoantigens represent almost full-length products (Table II) . Table  IV shows the reactivity to the 12 recombinant autoantigens of sera and BAL samples from patients with IPF, patients with other respiratory diseases, and healthy volunteers. Our study shows that Abs to annexin 1 were detected in 47% (7 of 15 cases) and 53% (8 a The serum and BAL fluid Ab levels of annexin 1 (AG1), Bax inhibitor 1 (AG2), cytochrome c oxidase subunit 5a (AG3), heme oxygenase 1 (AG4), and phosphoglycerate kinase 1 (AG5) were significantly higher in cases of acute exacerbation of IPF than in stable IPF.
of 15 cases) of the sera and BAL materials from patients with acute exacerbation of IPF, and Ͼ7% (2 of 30 cases) and 10% (3 of 30 cases) of the sera and BAL materials from stable IPF patients.
Four other Ags (Bax inhibitor 1, cytochrome c oxidase subunit 5a, heme oxygenase 1, and phosphoglycerate kinase 1) reacted with sera and BAL materials from patients with acute exacerbation of IPF with frequencies 20 -33% higher than those of stable IPF patients. No specific Ab reactivity to annexin 1 was detected in either the sera or BAL materials from 40 normal volunteers and non-IPF subjects except for 10% reactivity in sera samples from patients with RA and SLE-related interstitial pneumonia. The 11 other Abs were also more frequently detected in both serum and BAL samples from IPF patients (acute exacerbation and/or stable cases) than other subjects and control volunteers, although a few non-IPF subjects showed reactivity to some Ags.
Comparison of Ab levels in serum and BAL samples between acute exacerbation of IPF and stable IPF
The serum and BAL fluid Ab levels of annexin 1, Bax inhibitor 1, cytochrome c oxidase subunit 5a, heme oxygenase 1, and phosphoglycerate kinase 1 were significantly higher in cases of acute exacerbation of IPF than in stable IPF (Table V) . The data of 
serum Ab levels of annexin 1 were also shown as a log titer graph (Fig. 1) . In contrast, the levels of the seven other Abs did not differ between acute exacerbation of IPF and stable IPF, or they were lower in stable IPF than in acute exacerbation of IPF cases.
Sequence analysis of the TCR V␤ gene rearrangements of IPF
All 15 acute exacerbation of IPF cases showed some predominant TCR V␤ repertoires of CD4-positive cells on Southern blot analysis of BAL samples (Table I) . In all 10 patients (cases 1-10), some identical TCR V␤ genes were detected by sequencing analysis of the RT-PCR product of the first BAL fluid or VATS materials and sequential BAL samples. The results of sequencing are presented as the incidence rates of the predominant sequences out of the total number of vector clones analyzed. Some identical rearrangements of TCR V␤ genes existed, with frequencies ranging from 3 of 20 to 8 of 20 clones in both the first BAL or VATS samples and subsequent samples (Table VI) .
Identical CDR3 of TCR V␤ clones in sequential samples and TEPITOPE analysis
We determined HLA-DR Ags in all 15 acute exacerbation of IPF cases (Table I ). In 6 patients (cases 1, 2, 3, 5, 7, and 8) in which identical CDR3 regions of TCR V␤ clones in sequential samples showed high homology with Ags detected by SEREX analysis, 8 of 12 HLA-DRB Ags could be analyzed by the TEPITOPE method (Table VII) 
Western blot analysis of annexin 1 in BAL samples from IPF patients and non-IPF patients
With the use of BAL fluid proteins, annexin 1 was detected in all 15 cases of acute exacerbation of IPF. Western blot analysis showed full-length (36 kDa) and/or a cleaved form (33 kDa) of annexin 1 in BAL fluid proteins in cases of acute exacerbation of IPF. Typical examples of the analyses are shown in Fig. 2A . It appeared that some BAL fluid samples from patients with acute exacerbation of IPF (cases 1, 3, 5, 7, 8, and 10), which contained ϳ20% or more neutrophils on the differential cell count (Table I) , included large amounts of the cleaved form of annexin 1 equal to or larger than the amount of the full length of annexin 1. In case 5, the first BAL fluid protein demonstrated only full-length annexin 1, with 8% neutrophils on the differential cell count. In contrast, the second BAL fluid samples of case 5 showed a short form as well as the long form of annexin 1, with 28% neutrophils on the differential cell count. In contrast, in 30 BAL fluid samples from stable IPF patients and 90 patients with collagen vascular disease, the full length of annexin 1 was also present in 5 of 30 (16%) and 6 of 90 (7%) samples, respectively. The six patients with collagen vascular disease were composed of one PM/DM patient, one Ssc patient, two RA patients, and two SLE patients. However, the cleaved form of annexin 1 was absent in all cases with stable IPF and with collagen vascular disease. In other non-IPF BAL samples (30 patients with pulmonary sarcoidosais, 10 patients with eosinophilic pneumonia, 10 patients with HP, 40 normal volunteers), the full length of annexin 1 was only barely detected. Typical examples of patients with stable IPF and non-IPF are shown in Fig. 2B .
T cell responses in BAL fluid to N-terminal annexin 1 peptides
N-terminal annexin 1-positive peptides induced marked proliferative responses of CD4-positive T cells in three patients (cases 1, 3, and 5) with high titers of annexin 1 Abs, compared with three other patients (cases 6, 7, and 9) ( p Ͻ 0.05; Fig. 3 ). Annexin 1-negative peptides or no peptide induced proliferative responses of CD4-positive T cells in none of all six cases.
In vitro anti-annexin 1 Ab production in response to annexin 1 peptide
The effect of N-terminal-positive peptides of annexin 1 compared with negative peptides for B cell autoreactivity was examined in three cases (Fig. 4) . B cells and CD4 ϩ T cell subsets from two acute exacerbation IPF patients (cases 1 and 3) with high titers of annexin 1 Abs in their serum and BAL produced high levels of anti-annexin 1 Abs in response to N-terminal annexin 1-positive 
peptides. In contrast, only B cells or B cells and CD8
ϩ T cell subsets from two such cases did not produce anti-annexin 1 Ab. In the other case (case 4) negative for anti-annexin 1 Abs in his serum and BAL, none of the lymph node cell culture supernatants in response to annexin 1-positive or -negative peptides contained a high amount of anti-annexin 1 Abs.
Western blot analysis of full-length and elastase-cleaved annexin 1 probed with sera from IPF and non-IPF patients
To determine whether anti-annexin 1 Ab preferentially binds to the N-terminal portion of annexin 1 cleaved by neutrophil elastase, we analyzed Western blots of full-length and elastase-cleaved annexin 1 probed with sera from IPF and non-IPF patients. With the use of sera, blots were able to bind to the full-length and/or the cleaved form of annexin 1 in 7 of 15 cases with acute exacerbation of IPF. Typical examples of the analyses are shown in Fig. 5 .
Four patients (cases 1, 3, 5, and 8) with acute exacerbation of IPF demonstrated that their sera only bound to the full length of annexin 1 without binding to the cleaved one. This result suggested that the anti-annexin 1 Abs in these four cases bound the N-terminal portion of annexin 1, which did not exist in the cleaved form. In contrast, in 30 patients with stable IPF and 90 patients with collagen vascular disease, 3 of 30 (10%) patients and 2 (1 RA patient and 1 SLE patient) of 90 (2%) patients demonstrated that their sera bound to both the full-length and the cleaved form of annexin 1, respectively. In other non-IPF BAL samples (30 patients with pulmonary sarcoidosis, 10 patients with eosinophilic pneumonia, 10 patients with HP, 40 normal volunteers), sera did not bind to either the full-length or the cleaved form of annexin 1.
Discussion
This study initiates a survey of the humoral immune response related to the pulmonary epithelial pathology of patients with acute exacerbated or stable IPF to 12 autoantigens identified by SEREX methods using a cDNA phage library of type II alveolar cell carcinoma (A549) cell lines. In a survey of serum and BAL samples for Abs to the panel of recombinant autoantigens identified by SEREX analysis, five (annexin 1, Bax inhibitor 1, cytochrome c oxidase subunit 5a, heme oxygenase 1, phosphoglycerate kinase 1) Abs were identified as novel candidates for autoantigens in acute exacerbation of IPF using the SEREX. In particular, several findings in the present study suggest that annexin 1 is involved not only in Ab production, but also in CD4-positive T cell responses derived from BAL samples in acute exacerbated IPF patients. Western blotting analysis and CD4-positive T cell responses of BAL samples demonstrated that the N-terminal portion of annexin 1 might play an important role in the immune pathophysiology of acute exacerbated IPF patients.
Considering that the efficiency of our SEREX technique for the generation of small protein (Ͻ120 amino acids) was low (ϳ1%) and that the average insert size was ϳ2500 bp, our technique was not efficient for certain proteins and did not skew the identification of Ags by patients' sera. By applying the SEREX approach using the serum of patients with acute exacerbation of IPF, we could detect nine Abs with frequencies ranging from 7 of 15 (47%) to 1 of 15 (7%). Three more Abs were found with frequencies ranging from 2 of 30 (7%) to 1 of 30 (3%) by the SEREX analysis using serum from patients with stable IPF. Another report involving SEREX analysis using expressed cDNA libraries derived from another tumor cell line (AB1) showed three Abs (ATS, IGBP1, brain EST) in IPF patients (31) . Anti-cytokeratin 8 Abs have been reported in sera from patients with IPF by Western blotting analysis (6) . In our report, we detected anti-cytokeratin 8 Abs in 2 of 30 (7%) patients with stable IPF, but not in patients with acute exacerbation of IPF. The results of the present study demonstrate that five Abs (annexin 1, Bax inhibitor 1, cytochrome c oxidase subunit 5a, heme oxygenase 1, phosphoglycerate kinase 1) are present at frequencies from 3 of 15(20%) to 7 of 15 (47%) in serum from patients with acute exacerbation of IPF, but not from patients with stable IPF.
Because we wanted to determine the relevance of the Abs detected by the SEREX method as clinical markers of IPF, we conducted ELISA using 12 recombinant autoantigens. Serum levels of all 12 Abs were higher in patients with IPF than in other groups. A minority of non-IPF subjects exceptionally demonstrated slightly elevated Ab titers. The levels of Abs to most of our 12 autoantigens in BAL samples were preferentially elevated in patients with IPF (Table IV) . Only a few non-IPF patients studied exhibited elevated Ab levels in their serum and BAL samples. Because local inflammation is remarkably different from the systemic immune response, BAL samples are superior to serum as a source of Abs in terms of monitoring local pulmonary immunological reactions. Measurement of Abs to our 12 autoantigens in BAL samples could be a specific and sensitive means of identifying individuals with IPF. In our study, patients with acute exacerbation of IPF exhibited significantly higher levels of serum and BAL fluid Abs to 5 (annexin 1, Bax inhibitor 1, cytochrome c oxidase subunit 5a, heme oxygenase 1, phosphoglycerate kinase 1) of the 12 autoantigens identified by SEREX analysis (Table V) . Interestingly, three of these five Ags are related to apoptosis. These autoantibodies are unlikely to be the primary cause of tissue damage, although they might reflect prominent apoptosis of alveolar epithelial cells in cases of acute exacerbation of IPF. Because carcinoma cell lines are by their nature going to be altered from the native type II cells, and they are more than likely overrepresented with proteins regulating apoptosis, the A549 cell line would be suitable for our SEREX analysis to detect Abs related to apoptosis.
One difference between apoptotic and necrotic death is that programmed cell death results in the ordered fragmentation of cells, leading to rapid phagocytosis by neighboring cells and/or professional phagocytes without cell activation and inflammation (32) . Apoptosis is important in the remodeling of tissues during repair. However, during apoptosis, the cell membrane forms cytoplasmic Table I . 1st and 2nd represent 1st BAL and 2nd BAL materials. B, Each lane represents typical BAL samples from an individual subject. S1-S5, stable IPF; C1-C3, collagen vascular disease; SA1, pulmonary sarcoidosis; EP1, eosinophilic pneumonia; HP1, hypersensitivity pneumonitis; N1, normal volunteer.
blebs, some of which are shed as apoptotic bodies, and a number of autoantigens are located at the cell surface or within the apoptotic blebs (33) . It has been reported that normal mice injected with syngeneic apoptotic thymocytes develop autoantibodies, whereas similar mice immunized with nonapoptotic syngeneic splenocytes generally do not develop autoantibodies (34) . Moreover, cultured keratinocytes exposed to UV B/UV A irradiation (known apoptotic stimulus) demonstrate enhanced binding of autoantibodies directed against Sm, RNP, Ro, and La to the cellsurface membrane (35) . Such findings indicate that the handling of apoptotic cells is not always silent and that apoptotic cells may serve as reservoirs of autoantigens. Accumulating data suggest that a breakdown in tolerance leading to the production of autoantibodies may be attributed to posttranslational modifications of autoantigens during apoptosis or cellular stress, resulting in the creation of neoepitopes to which the immune system has never been exposed (36) . Although it remains uncertain what causes acute exacerbation of IPF, the pathologic findings of autopsy specimens with respect to acute exacerbation of IPF demonstrate that IL-1␤ and TNF-␣ are strongly positive in alveolar macrophages and type II pneumocytes. Such proinflammatory cytokines may enhance the apoptosis of type II pneumocytes. The elevated levels of some Abs to Ags related to apoptosis in acute exacerbation may reflect the aberrant antigenicity of apoptotic type II pneumocytes. Note that apoptotic cells administered intratracheally directly into the lungs of rats are reported to induce secondary apoptosis by apoptotic cell instillation, leading to pulmonary fibrosis (37) .
Annexin 1 is included among the autoantigens detected in this study. Annexins comprise a group of calcium-dependent phospholipid-binding proteins. The calcium-and phospholipid-binding sites of most annexins are located in four repeated and highly conserved regions, each of which contains ϳ70 amino acids. Although multiple functions of annexins have been suggested, including activities in exocytosis, signal transduction, antiinflammation, anticoagulation, and calcium channel regulation, it is possible that each of these annexin functions is tissue-specific. The lung is rich in annexins, and annexin 1 appears to be the most abundant protein among the annexin family of proteins in the mammalian lung, where it exists in alveolar epithelial type II cells and in alveolar macrophages. Annexin 1 was discovered Ͼ20 years ago as a protein that mediates the antiinflammatory action of glucocorticoids. Two effects have been proposed to explain how exogenously applied annexin 1 could interfere with inflammatory processes. The first effect involves the regulation of eicosanoid production. Annexin 1 inhibits phospholipase A 2 , the first enzyme in the metabolism of eicosanoids, and it has been proposed that this inhibition and the resulting decrease in arachidonic acid release are the basis of the antiinflammatory effect (38) . It has been reported that cytosolic phospholipase A 2 plays a pivotal role in the pathogenesis of pulmonary fibrosis, and that disruption of the gene encoding cytosolic phospholipase A 2 significantly attenuates pulmonary fibrosis (39) . 2) The second effect relates to a reduction in the recruitment of blood-borne cells into the surrounding tissues (40) . Passive immunization with antiannexin 1 Abs abrogates the inhibitory glucocorticoid effect on neutrophil extravasation and leads to an exacerbation of inflammatory diseases. Annexin 1 and N-terminal annexin 1 peptides (position 19 -25: EYVQTVK) significantly interfere with neutrophil transmigration (41) . It has been reported that the annexin 1 N-terminal peptide can bind to the formyl peptide receptor on neutrophils and prevent transendothelial extravasation, a finding that supports the antiinflammatory role of annexin 1. Considering that annexin 1 may be an endogenous ligand mediating the engulfment of apoptotic cells, and that the silencing of the annexin 1 protein by small interfering RNA results in defective tethering and engulfment of apoptotic cells, Abs against annexin 1 in patients with acute exacerbation of IPF may block the cell surface-exposed annexin 1 presented on apoptotic cell surfaces, leading to the prevention of the removal of apoptotic cells. This, in turn, may accelerate the further generation of autoantibodies.
Bax inhibitor 1 is an antiapoptotic protein containing several transmembrane domains that localizes to the endoplasmic reticulum (ER). The overexpression of Bax inhibitor 1 provides protection against apoptosis induced by some stimuli in mammalian cells, while the Bax inhibitor 1 antisense gene can promote apoptosis of some tumor lines (42) . Cells from Bax inhibitor 1-deficient mice, including fibroblasts, display selective hypersensitivity to apoptosis induced by ER stress agents, but not to stimulators of the mitochondrial or TNF/Fas death receptor apoptosis pathways (43) . Bax inhibitor 1 appears to block the transmission of death signals from damaged ER/Golgi to mitochondria. It has been reported that the expressions of caspases-8, -9, and -3, as well as cytochrome c release from mitochondria, are increased in the lung tissues of IPF compared with normal lung parenchyma (44) . ER stress independently triggers caspase-8 activation, resulting in cytochrome c/caspase-9 activation. Although the role of ER stress in IPF has not been extensively studied, ER stress such as hypoxia might play some role in the pathogenesis of the acute exacerbation of IPF. Further examination of ER stress in acute exacerbation of IPF is necessary to clarify this possibility.
After establishing autoantibodies in patients with acute exacerbation of IPF, we analyzed whether these Abs recognize Ags that elicit T cell responses. Because the nonspecific recruitment of T cells may mask disease-related T cell populations, we separated CD4-positive subsets and analyzed TCR V␤ genes to reduce the dilution effect of CD4-negative T cell populations. Previously it was reported that the TCR V␤ repertoire shows some predominant oligoclonal T cell expansions in BAL samples from IPF patients (17) . These findings support the hypothesis that CD4-positive T cells in BAL fluid of patients with IPF would be induced by Ags on APCs, and that T cells in pulmonary lesions might expand by Ag stimulation in the context of HLA, rather than stimulation by superantigens. To determine whether oligoclonal CD4-positive lymphocyte expansions persist over time, we had the opportunity to study first BAL or VATS materials and sequential BAL samples. We were able to show some identical TCR V␤ rearrangements in the first and second biopsy materials obtained from patients with acute exacerbation of IPF (cases 1-10). The oligoclonal expansions of CD4-positive lymphocytes with identical CDR3 regions on their TCR V␤ genes existed over time, suggesting that continuous inflammation due to the same Ag-driven stimulation by the recognition of a restricted epitope on the major MHC through TCR occurs in the alveoli of patients with acute exacerbation of IPF. Such immunodominance may be dictated by Ag-processing mechanisms, by intermolecular competition for MHC binding, and by the existence of a biased T cell repertoire. Ags that react with CD4-positive lymphocytes with identical CDR3 regions on their TCR V␤ genes might play some roles in IPF immunology and might reflect immunological reactions at the site of the alveoli in patients with acute exacerbation of IPF.
The binding groove in HLA-II molecules has open ends and therefore accommodates peptides of varying lengths (12-28 amino acids) that bind in an extended conformation. TEPITOPE analysis has been designed to enable the computational identification of promiscuous and allele-specific HLA-DR ligands (45) . It was successfully used to identify HLA-DR ligands derived from tumors and endogenous proteins involved in autoimmune diseases (46) . We used TEPITOPE analysis to investigate promiscuous HLA-DR ligands of autoantigens related to IPF as defined by the SEREX approach. The identical CDR3 regions of TCR V␤ on CD4-positive lymphocytes from the BAL fluid of patients with acute exacerbation of IPF were compared with HLA-DR ligands in the same patients. Nine epitopes (clones 1-1, 1-3, 2-1, 3-1, 3-3 , 5-1, 5-2, 7-1, and 8-1) of the CDR3 regions showed some homology with HLA-DR ligands in each case. Three clones (1-1, 3-1, and 5-1) from different IPF patients (cases 1, 3, and 5) recognized the same epitopes (position 18 -26) of annexin 1, also included in the HLA-DR ligand epitopes of the same IPF patients predicted by TEPITOPE analysis (Table VII ). These findings demonstrate the possibility that these autoantigens might play some immunological role in the lungs of patients with acute exacerbation of IPF.
The epitopes (position 18 -26) of annexin 1 that recognized three clones from three different cases of acute exacerbation of IPF include an N-terminal annexin 1 motif (position 19 -25: EYVQTVK) that has been reported to inhibit neutrophil extravasation (41) . Western blot analysis of BAL fluid samples detected the 33-kDa annexin 1 breakdown product in patients with acute exacerbation of IPF whose BAL differential cell counts included relatively high percentages of neutrophils (Table I and Fig. 1 ), but not in BAL samples from patients with stable IPF or various other respiratory diseases (data not shown). Annexin 1 appears to be cleaved by neutrophil elastase at the N-terminal portion between Val 36 and Ser 37 to yield the 33-kDa protein (47) . Considering the fact that this cleaved N-terminal portion includes an N-terminal annexin 1 peptide that interferes with neutrophil transmigration, these cleaved peptides might play some role in the pathogenesis of acute exacerbation of IPF. It has been reported that among BAL fluid samples from patients with interstitial lung diseases, some samples contained degraded annexin 1, and that the degradation on annexin 1 is associated with a relatively higher percentage of neutophils in these samples (47) . It has been reported that the cleavage of annexin 1 in its NH2-terminal region yields a truncated protein that exhibits catalytic properties distinct from those of the fulllength protein (48) . Analysis of CD4-positive responses of T cells from BAL samples revealed a CD4-positive T cell responses to N-terminal annexin 1 peptides (position 18 -26: QEYVQTVKS) in BAL samples and found marked proliferative responses in patients with high titers of anti-annexin 1 Abs compared with other patients who were negative for anti-annexin 1 Abs. This N-terminal annexin 1 peptide (position 18 -26: QEYVQTVKS) might play some role in the acute exacerbation of IPF. Although the exact biologic implications of N-terminal annexin 1 peptides in the development of acute exacerbation of IPF await further study, these results define autoantigens that might participate in the immunopathogenesis of acute exacerbation of IPF.
